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1. Principal’ Investigator (give title and degrees): 


. Theodore Alan Slotkin, Ph.D. 

■Assistant Professor of Pharmacology 

2. Institution & address: 

Duke University Medical Center 
Department of Physiology and Pharmacology 
Durham, North' Carolina 27710 


3. Department(s) where research will be done or collaboration provided: 

Department of Physiology and Pharmacology 


4. Short title of study: 


EFFECTS OF NICOTINE ON SYMPATHO-ADRENAL DEVELOPMENT 


5. Proposed starting date: 7/1/75 

6. Estimated time to complete: 3 years 

7. Brief description of specific research aims: 



Many autonomic drugs and drugs which, act in the CNS exert similar' | 
direct or reflex effects on catecholamine stores In adrenergic neurons 
and in the adrenal medulla of the mature organismj however, the actions 
of.these drugs are often markedly different (and even opposite) in fetal 
or neonatal animals. The proposed studies will determine how maturations! 
changes in the rat adrenal medulla alter the effects of nicotine on that 
tissue. In addition, since the maturation of the adrenal medulla is it¬ 
self dependent upon biochemical and neuronal feedback mechanisms, this 
study will also examine how pre- and' post-natal exposure to nicotine 
alters the subsequent maturation of normal sympatho-adrenal function. 

In the time period outlined, we expect to determine: 

(a) The acute and chronic effects of nicotine on the mature 
adrenal medulla (already in progress)-. 

(b) The effects of acute and chronic nicotine on post-natal 
adrenergic development. 

(c) The long-term effects of pre-natal exposure to- nicotine 
on the developing adrenal medulla. 

(d) Whether pretreatment with nicotine blocking agents alters 
developmental effects of nicotine. 
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U'a^^^- 8. Brief italement of working hypolKcsis: • V^.‘• \ */‘. ••..'.C'* T: iv ; **' * * 4 ** f * : '*. \ v * \“*: * .-C- ’. . ‘ 

e|i§g#4 The adrenergic nervous system and adrenal medulla play vital roles 

the maintenance of the cardiovascular system, normal metabolic function 
; ^^^4and in the response to various, stress situations* In the neonate, these i ; 
fjkjSfc*.tissues are markedly immature in their capability to- synthesize, store and 
' secrete catecholamines. The deficiencies in the adrenal medulla result in 
‘^^cpart from age-dependent alterations in the function and contents of storage 
"V^^^J-.vesicles, which are in turn dependent upon neural stimulation* These 

Studies will elucidate many of the factors operating in the development of 
“ ympathetic amine stores. The rates of synthesis of adrenal catecholamines, 

’storage vesicles, and the development of storage capabilities will be 
'•^^/measured as well as the functioning of the adrenal gland in response to 
r-'^^rJneural stimulation and nicotine-induced- amine depletion. Data from several 
* studies suggest that there are crucial differences between* adults and neo- 

nates in amine storage capabilities and in the effects of drugs (such as 
: |i£fe.nicotine) which act either directly on the adrenal or which elicit reflex 
.^^■stimulation of the sympatho-adrenal axis.. Using the adrenal medulla as a 


some of these differences in drug action can ’be elucidated. 

S &-y Fetuses are often exposed to a wide variety of drugs known to affect 

ifcatecholamines, either as a result of clinical treatment or maternal self- 

(continued on page (, ) 


9, Detail* of experimental design and procedures (append extra pages as necessary. 

Introduction 

1* Previous work done by applicant: 


; The major effort of the applicant has been* directed toward elucidating 

••M; the mechanisms of regulation on the synthesis, uptake, storage and release 
of the catecholamines of the adrenal medulla. Besides the inherent inte- 
rest in studying this tissue, the adrenal medulla is often utilized as a 
jaodel' of the adrenergic neuron; both tissues arise erabryonically from the 
Q neural crest and ; both have the ability to synthesize, store and secrete 

catecholamines. Each contains storage vesicles which- can* accumulate amines 
by a mechanism*which is stimulated by ATP-Mg 2+ and blocked by reserpine. 

; ^I^The vesicles contain dopamine 0-hydroxylase (DBH), chromogranins and 
[ adenine nucleotides as well as catecholamines; it.is accepted generally 

] the catecholamine and adenine nucleotides (primarily ATP) form a 

{.-.^storage complex in a molar ratio of 4 to 1. 

1 Techniques developed to a- large extent in this laboratory enable the 

.^Revaluation of many of the factors which influence catecholamine disposi- 
,y£t%&tion from the point of view of alterations in storage vesicles. Initial 

studies concentrated on the mechanism by which storage vesicles are assembled 
^f^l^administration* of drugs (insulin, reserpine) which elicit reflex sympatho- 
adrenal discharge led to the formation of large numbers of new, 11 immature 11 
vesicles which had-’properties different from the normal population (Slotkin 
and Kirshner, 1973a,b; Slotkin and Edwards, 1973): 

. ( 1 ) The new vesicles showed a decreased preference for uptake 

' of epinephrine vs. metararoinol. 

“ (2) There was a decreased buoyant density in the new vesicles. 

. (3) There was a decreased ratio of catecholamines to* ATP in the 

■ ‘ new vesicles-. 

*V, . (4) The catecholamine content per vesicle was decreased. 

■ Another situation in-whieh large numbers of new vesicles have to be 
.synthesized is in maturation. Studies from other laboratories (Ignarro 

and Shideman, 1968; Waymire et al., 1974; Daikoku at al., 1969; Elfvin, 

1967 ) indicated that in rats- and chicks, catecholamine biosynthetic enzymes- 
f ) appeared early in gestation but catecholamines- were not detectable until 
^ much later, when* storage vesicles could first be detected by electron 

microscopy (l'8th day of gestation). Consequently, most of the maturations! 
increases in catecholamines occur postnatally* 

(Continued on page 6 ); 
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| -Ste.-4iO. Spoce and fadtities available (when elsewhere than item 2 indicates, state location); 

v*-: _r. *r* 




i r ^^^®'i^^'^aboratory consists or 130Q square feet fitted with standard labo- 

y ratory type benches. Major items of equipment include: Sorvall RC-2B , ; * 

r.:^\.^ cen trifuge 3 Beckman L5-50 ultra centrifuge and rotors.. Farrandi ratio * r \ 

• ^f^luorometer, catecholamine autoanalyzer •, Wang 600-6-TP programmable • r ■ 

l ;-calculator, incubation baths, pH-meter, balances and other general 

items of laboratory hardware. Research facilities include animal rooms, 
t fj^l^.col'd rooms, a spectrophotometer and a liquid scintillation counter. 




rr-. 


. ?*•?! • 
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C M. Additional-facilities required-. 

* 

* The current RC-2B is in heavy, continuous use by five people in 

this laboratory and; is quite old-. Funds are therefore requested for another 

centrifuge for the proposed 1 studies. - .. 
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12. Biographicol Sketches of investigotor(s) and other professional personnel (append): 

See pages 17, 18, 19 and 20'. 

13. Publications: (five most recent and'pertinent of mvestigafor(i); append list, and provide reprinls if avoifable). 

See page 21. 
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4. First! yearbudget: -^ 7 •*■’ ■• .* •* 

..'.A. Salaries (give names or state "to Be recruited") 
Professional (give % time of investigators); 

^even if no salary requested); . 

S \'.r *■ 

r* Theodore; A. Slotkin - " , 


Principal Investigator 

' * i h ‘ iiVt: • ■' : ; \ l 


; >; .;v:;T*chnicoi - * : { ' 

Christopher Lay (B.S -.) 1 
v- Fringe Benefits- (12.6)5) 


. .. % lime 


REDACTED 


. ' cv-i- • : **.n$ -V. s 

1 “ ‘ k : Y.*; . 




B, Consumable supplies (by major categories)* 


SuB-Total 1 for A 


Animals „ including housing and 
shipping costs 

(100 male rats* g $ 3 . 00 , 1100 . pregnant rats 
% $ 10 . 00 , $ 200 i shipping, housing, g 10 $/day 

( for avg. 50 days) • 

Radioisotopes ( 3 H-epinephrine, metaraminol, 

.-v-Y. ty.ramlne; ^C-tyrosine 4 epinephrine): 

' -yVChemicals and hardware A*Kagauisrj 0 C 

■* . . : 

C Other expenses (itemize). Sub -Total XB ) 

*’ v, w 1 • ; . 

Equipment maintenance and service 


Travel to ASPET Spring and Fall Meetings. 

;• . . ‘ : s«b-Totoi-«orc , 

’ * Running Total of A 4- B 4- C 

Permanent equipment (itemize) 


Sorvall RC- 2 B’ centrifuge and rotors 


E. Indirect cost* (15% of; A4-B-I-C); 
15. Eslimolcd future requirements: 


Sub-Totol for D 


ToJol request 


1873 s 

$18359 


$ 0 lories Consumable! Suppl. Other Expenses Permanent Equip. Indirecti Cost* Toto 
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SI'': '■ ■■■'■'• ;-C:?-’ ~.-.v.- v ■*■ .. .,- -/■ % 

• •■• /■: 

- r:i :: -' ■:;'- * V. ...;^, >;- .- .-— •/.. ., . . ." 

ggg^-jl* .Otter source* of financial support, ■ f V ■. y. - ■' *. v •• 

^ ncrc ' a ^ support from all sources, including own institution, for this and related research projects. 


\V, >: V i.. /;. .CURRENTLY ACTIVE 

' 5 *‘" "«■’* - ' Source 1 ’ Inclusive 

'v Title of Project * (give grant numbers) Amount - Dales 

S*S*. ,. ■•' •.• ■ 

IV Effects of morphine on the 

^kdrenal medulla , DA-00465 i>85>000 6/1/7,3-5/31/76 

•*•■ . V.‘ ■ ‘ 

2. Hypertensive rats * •■* ■ American Heart Assn. £50,000 l'G/1/73-9/30/76 


r.^V^Vv. * 

Ihese projects are unrelated.' to the present proposal 1 and, pro vide salary 
support for the investigator and two post—doctoral fellows- and laboratory 
expenses for these projects. . ■ •■ 


aMfcaatPT. 

» rV.V.-ri. , 
■- 

* :^ , iS5Tijr , vc»vj.*' * 

-V 

• ; Sy. • 

:V • 


Title of Project 


PENDING OR PLANNED 
Source 

(give grant numbers) 




=^gg : V-., 


•.,/».? . ■ r 

iv-'i»j *. 

It is understood: that; the Investigator and institutional 
'officers in applying;for a gront have read and accept 
the Council's "Statement of Policy Containing Conditions 
and Terms Under Which Project Grants Are Madt." 


Principal investigator 
Typed Nome Thftf 
Signature ^T&<rU 
Telephone-V 


ilichs 


Checks payable to 

^ Duke Univ e rsity _ 

Mailing address for checks 

Vice President, Business & Finance 

Duke Unive rsity_ 

Ourham, North Carolina 27706- 


Responsible officer of inslilutieni 
Typed Nome Anlyan, M. D. 


Vice President for Health Affairs 


Signature _/u 
Telephone _2 


1/28/75 
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8. (continued from page 2) 



administration; although catecholamine stores undergo marked matura- *■*;« 
tional changes, little is known about the effects of prenatal drug 
exposure on the subsequent developmental process. A number of .studies.;' 
suggest that even single doses of drugs at critical stages in develop- 
ment may alter permanently the disposition of catecholamines in central 
and peripheral adrenergic tissue. The proposed experiments will iden- i 
tify on the biochemical and functional levels, specific loci of nico- 
tine—induced maturational alterations, and will show whether pretreat-^ 
ment with nicotinic blocking agents can prevent the long-term effects ’£| 
of nicotine. -' These studies may be of considerable importance in ' 
evaluating the consequences of exposure to nicotine during pre- and V\& 
postnatal development *;v--;-- v..;;,;-.•••• ..-r '.••'.i'jS 

::-M u£k- 

•■? .'■ • - ' ; r 

• .-‘V 

. ... .. . - - •' .i-Sgi'-- 

9. (continued from page 2)* .44-.V. 

(a) Introduction i *’ • •■:■■■’j'- lr.- 

•/-?{, l. ; Previous work done by applicant (con’t.): •• v :. 

■ ■'■■■ ■■■ r..- ■ ■ . .. > * r v v VM~.'#S‘V ' „ . ' 

;V‘-Recent studies by the applicant (Slotkin, 1973a,b; 1974a) examined 
the maturation of the rat adrenal medulla from the point of view of ,-i 
changes in the number and properties of storage vesicles. This first 
entailed modification of the available methodology to enable measure- % 
ments utilizing small amounts of tissue; the method's are described in 
detail in the appended reprints and in the "Methods" section. 

At birth, the number of storage vesicles (as determined' by DBH,' an 
enzyme marker for vesicles) was quite low, and 1 the vesicles differed -f 
markedly from adult vesicles in that they were considerably more dense’, 
on sucrose density gradients. The density difference was confirmed' by 
determination of the subcellular distribution of catecholamines -flower 
levels were found In fractions usually containing Vlight" ..yesicles. 

Other properties of the vesicles were found to be different from adults 
neonatal vesicles were more fragile and displayed greater^susceptibility 
to osmotic shock; however, the stability of amine storage was normal as^ 
was the ratio of catecholamines to ATP (the putative components of the 
storage complex). On the functional level, the uptake of amines into 
the vesicles- appeared' to be normal, but neonates given insulin did not 
evidence a normal catecholamine secretory response;.however, neonatal 
adrena.ls excised and incubated in high—potassium Lockers solution did 
secrete normally, indicating that the lack of secretion in vivo is pro¬ 
bably due to non-functional innervation of the gland by the splanchnic 
nerve. • . .. - 

Sometime between birth and 10 days of age, a complete alteration 
of sympatho-adrenal function occurs: the secretory response becomes 
normal, "light" vesicles appear, DBH, ATP and catecholamines increase 
markedly and ; the vesicle density shifts such that vesicles are now 
lighter than in adults. Furthermore, at this stage there is a partial 
loss of normal preference for uptake of catecholamines vs. non-catechol 
amines (metaraminol) and ; the stability of storage Is impaired. These 
are all signs of increased neural input to the gland and the vesicles 
are similar to those found in stressed adult animals (in which in¬ 
creased neural stimulation also occurs). These qualitative and quanti¬ 
tative alterations in function and properties gradually approach those 
in normal adults by 40-50 days of age, after which additional altera- 
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tions reflect only Increases in the number of vesicles. . 1 

To summarize these results-, the maturation of the adrenal medulla 
is dependent upon neural input to the gland. At birth, no input occurs, I'¬ 
ve side turnover is- low, and dense, overloaded vesicles are present. 
t-By 10 days, innervation is functional, turnover increases markedly, 

. and "light” vesicles appear with altered uptake and storage capabilities. 
j;." : Additional studies have been conducted to examine these changes in 
terms of kinetic analysis of uptake. The Km for epinephrine (E) re- : -£k 
/.mained at about- 30 pM throughout development but the maximal uptake V*,.7* 
(Umax) 1 at birth was 30 nmols/30 min/10U pg endogenous catecholamines /£?££. 
/ compared to 20 nmols at subsequent ages. The Km for metaraminol (MA) 

• '.was about 4 mM at birth, 0.7 mM at 10-20 days of age and 1.2 mM- there- 

.. after, while Umax was approximately 170 nmols initially, 50 nmols at . V :.* v 
10-20 days and 70 nmols thereafter. The preference- of the vesicles for // 
uptake of E vs. MA (both at 0.1 mM) was approximately 6 to 1 at birth, 

.-:1 to 1 at 10 days, 3*5 to 1 at 20 days and 5 to 1 thereafter, while the 
. preference for E vs. tyramine was 2 to 1 except at 10 days, when the 
ratio was 1 to 1. These data suggest that the two vesicular uptake sys- 
. terns, typified by incorporations of E and of MA, develop independently 
, of each other and that the age-dependent alterations are present both .~t:C 
at the level of the vesicle membrane and intravesicular storage. A 
a kinetic model was developed to aid in the identification of probable 

• sites of specific age-dependent alterations. Maturational changes 
in uptake and specificity produced parallel changes in synthesis of 
catecholamines as determined by conversion of newly-incorporated tyra- 
mine to octopamine. Furthermore, these alterations could affect the 
actions of adrenergic false transmitters (which displace catecholamines ,~; 
from vesicles) on immature rats. 

These data indicate that any study of drug effects on development 
of catecholamine stores (such as this proposal) must comprise at least -v 
three elements: H* 

' (1) Evaluation of the effect of the drug in adults; O ^ 

(2) Evaluation of how the maturational alterations change © 

the action of the drug in the developing organism; and Tz ' 

• (3) Evaluation of how drug administration alters subsequent ^ 
development of catecholamine stores. m 

One drug which we are presently studying in this fashion is mor- m 
phine (Anderson and Slotkin, 1974; Slotkin and Anderson, 1974a,b). © . 

Morphine was administered twice daily to adult rats and the adrenals f0‘ 
were analyzed for catecholamines (CA), tyrosine hydroxylase (TH) acti¬ 
vity and dopamine 8-hydroxylase (DBH) activity. Twenty-four hours after 
.dosage with 10 mg/kg, CA were reduced and TH and DBH slightly elevated. 
After one week of treatment, all 3 were elevated. Subsequent dose 
increments resulted in acute decreases in GA and DBH and increases in 
TH, followed by dose-dependent increases- in CA, DBH and TH to a maximum 

• of 2-3 times control levels after 2 weeks at 100 mg/kg. Withdrawal 
led to a decline to control levels within 10 days. Shifts in the sub- 
cellular distribution of DBH suggested that morphine administration 
increased the rate of vesicle synthesis, and measurements of the uptakes 
of 1 ‘‘C-epinephrine and 3 H-metaraminol into isolated storage vesicles 
indicated 1 an increased proportion of "immature" vesicles. Prolonged 
administration of large doses of morphine led 1 to the formation of vesicles 
with an apparently defective•amine uptake mechanism; these vesicles also 
displayed abnormally low fragility and a reduced rate of spontaneous 

• .CA efflux. These data suggest that (1) tolerance to morphine-induced 

, sympatho-adrenal discharge does not develop and that the recovery from 


Source: https://www.industrydocuments.ucsf.edu/docs/psdm0000 
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-the acute CA depletion results from increased: CA synthesis and 
storage, and (2) morphine produces a persistent change in the proper¬ 
ties of adrenal medullary storage vesicles. 

On the other hand 1 , preliminary studies with perinatally-addicted 
developing rats demonstrated changes completely different from those 
;..seen in adults; catecholamine levels and dopamine g-hydroxylase acti- 
•vity were reduced compared to. controls and no induction of tyrosine . t 
hydroxylase was observed. The time course of adrenomedullary matu- 
•ration was delayed through the first 10-20 days of age, with reduced " 
numbers of storage vesicles and larger proportions of partially filled 
vesicles. On exposure tO' morphine, continued until weaning, perinatally 
•addicted rats did not display any of the changes in catecholamine syn- •- 
thesis or uptake seen in adult rats, but we have preliminary evidence 
that defects may develop post-weaning even if morphine is discontinued."« 
The differences between adults and developing rats can be partly 
explained by the absence of functional innervation of the neonatal 
adrenal medulla, but the inability of morphine to cause induction 
after 10 days may indicate a 11 re-programming” of the relationship 
between neural input and development of the adrenal medulla. vj. 

Additional studies are being conducted with adult and developing 
spontaneously hypertensive rats (SHR), where a genetic abnormality 
(hypertension): is associated with alterations in sympatho-adrenal 
catecholamine disposition (Slotkin and Green, 197^; Slotkin, 197^b). 
Specific loci of alterations in synthesis, uptake, storage and release 
have been identified in a fashion analogous to studies with drugs. 

. Current research efforts are concentrating on the elucidation of "J i: 
the acute and chronic effects, of nicotine on the mature rat adrenal. • > 
Preliminary results indicate a similarity to the effects of other 
.sympatho-adrenal stimulators, such as morphine, reserpine and insulin; 
however, tolerance appears to develop, upon prolonged exposure (several 
' weeks):. Tyrosine hydroxylase, dopamine $-hydroxyiase and catecholamine 
■levels are all elevated during chronic exposure, and storage vesicles 
with a defective uptake system are detectable. • 7-p: 

2. Previous work by others: V.'77 

r.’ ! : •■ •■• . •-• 

A vast literature exists on the effects of drugs on central and 
peripheral catecholamine disposition, and this discussion will be 
limited to those concerning the development of the adrenal medulla 
and the actions of drugs on developing adrenergic tissue. 

During prenatal and postnatal development, there is a marked 
increase in catecholamine levels in adrenergic neurons, and in the 
adrenal medulla, as well as changes in the levels of catecholamine 
synthesizing enzymes (Igmarro and Shideman, 1968; Heggeness et ad., 

1970; Iversem et al_., 1967; Hokfelt, 1951;. Mirkin, 1972; Patrick and 
Kirshner, 197277 In chick embryos, tyrosine hydroxylase, the rate- 
limiting enzyme in catecholamine formation, is present on the first 
day of gestation, and all the enzymes, are present by the sixth day. 
Despite the presence of the necessary enzymes, adrenal catecholamines 
dO' not begin developing, until several days before birth in the rat 
(gestational period = 22 days); electron microscopy of adrenal tissue 
reveals the presence of a small number of storage vesicles four days 
before birth, with the subsequent appearance (two days before birth) 
of catecholamines (Daikoku et. al., 1969> Elfvin, 1967). These data 

1003546503 
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suggest that the presence of storage vesicles is a determining factor ')%0% 
in the increase in adrenal catecholamines. • • . =•.. ■ 

Because the storage vesicles appear, relatively late in gestation., 
the largest changes in catecholamine content occur in the postnatal 
period. At this stage, neural-input plays a role in determining the 
rate of development in amine stores. Thus, prior sectioning of the .00 
,Splanchnic nerve decreases the rate of development of adrenal cate- 
cholamines as well as the age-dependent increases in tyrosine hydroxy-Wv 
iase (Patrick and Kirshner, 1972); in sympathetic ganglia, development 
-of catecholamine biosynthetic enzymes is retarded by chronic adminis- ; : ||ei| 
•tration of ganglionic blocking agents (Black, 1973). Neural input 
'similarly accelerates the rate of recovery of amines in adult rats 
whose stores have been depleted by reserpine treatment (Patrick and 
Kirshner, 19-71a,b)-. The post-natal dependence on neural input for ’‘.a 
. development of amine stores is paralleled by the development of neu- 
rally-dependent response to stress. For example, secretion of cate- 
■ cholamines in response to asphyxia is largely independent of neuro- 
genic stimulation in fetal calves, but is highly nerve-dependent two 
to three weeks after birth (Comline and Silver, 1966). This indicates 
that the development of catecholamines is accompanied by fundamental 
changes in the ability of the "animal to utilize the amine stores. 

Differences between adult and neonatal catecholamine stores are 
also apparent in their susceptibility to modification by drug treat- /}&? 
ment. Infant rats are more sensitive to the catecholamine depleting 
•effects of reserpine and tetrabenazine (Kulkarni and Shideman, 1966). '■ •• 

In addition, in chicks hatched from reserpine-treated eggs, following 
the initial depletion there is a long-lasting (weeks) increase in • 
brain catecholamines, suggesting that alteration of catecholamine " 
levels during development produces a prolonged alteration, of cate- ,>v\ r ; 
/cholamine synthesis and/or storage systems (Sparber and Shideman, .. 
1970). Additionally, drugs which do not ordinarily cross the blood- ■■■■* 
“brain barrier in adults are often able to do so in fetal or neonatal ; |f$ 
animals (Liuzzi ^t al., 197*0 with the result that peripherally active 
..agents (such as guanethidine or 6—hydroxy dopamine), administered sys— '!*’•>/ 
; .tematically produce marked effects in the developing brain which are ' V" 
.totally different from the lack of activity in mature brain. Sur- 
.prisingly, almost no work has been done on the actions of nicotine on •■£> 
'adrenergic development on the biochemical level. ' "" 

The developmental aspects of catecholamines in central and peri¬ 
pheral adrenergic neurons appear to be quite similar to those of the 
adrenal medulla (Coyle and Axelrod, 1971> 1972a,b; Sachs, 1970)', with 
the largest increases In catecholamines, enzymes and synaptosomal 
uptake mechanisms occurring in the first few weeks after birth in ro¬ 
dents and chicks. The maturational increases in catecholamines appear 
to follow the appearance of soluble vesicular proteins (Mirkin, 1974), 
indicating that the vesicles may also play a determining role in 
neuronal development. However, most studies of drug effects on adre¬ 
nergic development have concentrated only on measuring amine levels, 
and in some cases, tyrosine hydroxylase and dope decarboxylase acti¬ 
vities. Thus., while a number of drugs (nicotine, chlorpromazine, 
iproniazid, reserpine, morphine, amphetamine, catecholamines, etc.): 
have been shown to produce long-lasting or permanent alterations in 
norepinephrine levels in various brain parts, in most of these cases 
experimental evidence for a specific biochemical lesion has not been 
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obtained, nor have any experiments been conducted to determine whether :W 
there are functional alterations in catecholamine disposition (syn- ..^^ 
’thesis, uptake, storage, release) (Vernadakis, 1974; Liuzzi et_ al., 

1974). For instance, prenatal administration of chlorpromazine to 
'.rats shortly before birth leads ultimately to an increased brain' 

. .. 'norepinephrine level in adulthood (Nair, 1974), but the increases 
^•tjS^could represent increased synthesis, a greater storage capacity, 
-^'^v'.enhanced uptake, reduced degradation, or reduced release. Adminis- 
^^^.-tration of guanethidine to newborn mice results in long-lasting re- 

ductions of brain catecholamines, but again the mechanism or functional^ 
,fCit>fer’--.c’onsequences of these developmental changes have not been determined 
^■^(Liuzzi et al., 1974). Furthermore, no studies have been conducted im. 
u to see whether the effects of drugs on adrenergic development can be 
'prevented by pretreatment with blocking agents. Obviously, a detailed *4 
biochemical profile of enzymes, storage vesicles, uptake and release .;£#• 
is required to elucidate the effects of drugs on adrenergic maturation. '■ 

n>;-. ;v ** 

*X«&:*(b) Methods 


,? 7 { V : 


) 


■ ■. * . . Vi/?* 

Drug dosage, adult rats . *• ' 

;f ■’/ Sprague-Dawley rats (Zi vie-Miller) will be injected subcutaneously 
■ 7 :^^twice daily with aqueous solutions of nicotine (1 or 10 mg/kg) or 1 •£. 
^nicotine in oil (2 or 20 mg/kg once daily)-. In some cases, to dif- 7 
ferentiate direct vs. reflex effects, rats in acute studies will be . 

■'5^4''••pretreated with chlorisondamine (10 mg/kg, s.c.), which blocks neural 

stimulation of the adrenal medulla; for chronic studies, reflex effects 
will be prevented by prior sectioning of the left splanchnic nerve 
'; v n 7 /-.:.while the contralateral adrenal remains innervated to serve for com- 
:VtV-p’arison °f direct (denervated) vs. direct + reflex (innervated) effects, 
■ ^7; ■•.Animals will be sacrificed at intervals of several hours to' several . 


_weeks, as well as in- the post-exposure period after discontinuing 

;^&$.tdrug administration. 


- V. .v 


Studies also will be carried out in vitro to determine whether 


.;.%Jv 7 .there is any direct effect on catecholamine biosynthetic or dfegra- 
-^7li^dative enzymes (tyrosine hydroxylase, d'opa decarboxylase, dopamine 
..Uii|t : .Hv?.P-hydrO'Xylase, monoamine oxidase) or whether they affect uptake or 
'.^•■^(storage of catecholamines in isolated adrenal medullary vesicles. 

• - These studies will identify the direct and 1 indirect biochemical 
/effects, of nicotine in mature animals and will thus serve as a model 
.^with which to compare drug activities in developing rats. 


■ ? v'.-i.” 


05 

© 

cn 

■cn ■ 
ert 
© 
cn 


’l Drug dosage, developing rats . _ 

In general, the dosages administered to pregnant rats (to expose 
the offspring in utero ) may have to be somewhat- lower than in non¬ 
pregnant adults, since the LD 50 of many agents appears to be reduced. 
In other experiments, normal or prenatally exposed neonates will be 
given nicotine acutely or chronically either by direct administration 
or via the milk during chronic administration of the drug to the 
mother . In the latter experiments, additionally we will differen¬ 
tiate between purely prenatal and purely postanatal effects of nico¬ 
tine by switching at birth prenatally-exposed pups to normal mothers 
and normal pups to mothers who will continue to receive nicotine. 

Offspring will be .sacrificed at intervals of several days from 
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birth to young adulthood (4;0-50 days). These experiments will 
determine whether the.effects of nicotine are different in deve¬ 
loping rats compared to adults and will also indicate whether nico¬ 
tine affects the biochemical .development of catecholamine stores 
and whether permanent changes in catecholamine disposition can. be 
produced by exposure to nicotine early in development. 



*v • f... 




Data collection 

(a) Determination of the number and : contents of storage 
vesicles-: - 7 • • - •. 


♦. Xf r $- 


The adrenal glands from each animal are excised, cleaned of 
fat and connective tissue, and homogenized (glass-to-glass) in 2.5 V 
ml of ice-cold sucrose-Tris [300 mM sucrose containing 25 mM Tris ; 
(pH- 7) and 0.1 mM iproniazid (to irreversibly inhibit monoamine 
oxidase)]. The suspension is centrifuged at 800 g. for 10 min and the 
supernatant is decanted. The pellet is- resuspended by glass-to-glass 
homogenization in 5 ml of distilled water and analyzed for catechol¬ 
amines and dopamine 3-hydroxylase (fraction A). One ml of supernatant 
is- added to 1 ml water, homogenized and assayed (fraction B). Another 
ml of the 800 g supernatant is layered over 2.5 ml of 1.6 M sucrose 7 
containing 500 units/ml of beef catalase (Sigma ) 1 and centrifuged for 
2 hr at 140,000 g in the No. 40 rotor of the Beckman model L5 ultra- 
centrifuge. This separates intact heavy vesicles from light broken 
vesicle, membranes and from most mitochondrial and lysosomal contami¬ 
nants (Smith and Winkler, 1967 ). The 0.3 M sucrose layer (fraction ... 
C) and the 1.6 M 1 sucrose layer (fraction D) are diluted with water 
to final volumes of 2 and 4 ml, respectively, homogenized, and 
assayed for catecholamines (CA) and dopamine 3-hydroxylase (DBH). 

The vesicular pellet (fraction E) is resuspended in 2 ml water and 
homogenized to. lyse the vesicles. One ml is removed for the deter¬ 
mination of CA and DBH, and the remainder is centrifuged at 26,000' g 
to remove the vesicle membranes; the supernatant of this latter 
centrifugation is analyzed for ATP. A flow sheet of this procedure 
appears below. • - ■ 


’•‘r4f'&S£ 

■ ' • '”‘4 


Homogenate 0*3 M sucrose 


800 x 7 , IO min 


Particukrte (A): 
CA, DBO assays 


Super natant(B)*- 


0-3 M sucrose layer (C) 
CA, 080 assays 


* CA, DBO ossays 


Loyer on 16 M sucrose, 
140 , 000 xg i 2 hr 


l '6 M sucrose layer (D)' 
CA, DBO assoys 


-1 

Pcrhculbte (£) 


I- 

Particulate 


Resuspend 

mtwarer 


26 , 000 x ^7 10 min 


CA, DBO assays 


Super n atant 
ATP assays 
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■ 'yy : DBH is an enzyme associated only with storage vesicles (Viveros 

et al., 1969a), and the determination of the distribution of DBH 
activity therefore provides a measure of' the number of storage vesicles 
present as intact heavy vesicles, light vesicles and broken vesicle 
membranes. The low levels of DBH present early in development re- 
quire the pooling of glands from several animals to obtain sufficient 
enzyme activity. 


•••The ratio of cateeholamines/DBH provides a measure of the se- 
l^quence of synthesis of vesicles: new vesicles are deficient in cate- 
^•cholamines and therefore exhibit low ratios. This phenomenon is ob- 
dV Berved in adult rats in which adrenal stimulation is evoked (Slotkin 
and Kirshner, 1973a,b) and in developing rats during the stage imme- 
f-T diately following the appearance of functional splanchnic innervation 
>;■ - (Slotkin, 1973a,b-); these data thus provide a sensitive measure for 
^.- detecting drug-induced alterations in the number and rate of synthesis 
of vesicles. 





ATP is an integral part of the catecholamine storage complex, 
and drug-induced alterations in ATP indicate changes in catecholamine 
binding ability-. New- vesicles and vesicles in developing rats display 
altered catecholamine to ATP ratios, and this is associated with 
changes in amine storage (Slotkin and Kirshner, 1973b); the ATP para¬ 
meter thus provides another sensitive measure with which to compare 
drug effects in adults and developing rats. 

The fraction of vesicles ruptured during homogenization is 
fairly constant from preparation to preparation (Slotkin and Kirshner, 
1973a,b). The distribution of catecholamines and DBH in the broken 






:vvesicle fraction thus provide a measure of the mechanical fragility 
; of the vesicles, which is dependent on properties of the vesicle mem¬ 
brane (Slotkin and Kirshner, 1973a,b; Anderson and Slotkin, 1974); 
the fragility has. been observed to .change after drug treatments and 
jduring'development (Slotkin, 1973b; Anderson and Slotkin, 1974). 

• Alterations in any of the above factors — catecholamines, DBH, 
'number and distribution of vesicles, ATP levels, vesicle fragility — 
lean all be used as sensitive, functional indicators of altered cate¬ 
cholamine disposition i 



. v.yW, • •. 


(b) Determination of the 
the vesicles: 


uptake and storage capabilities of 



One of the major functions of storage vesicles is the ability 
;•>to incorporate catecholamines by an ATP-Mg 2+ -stimulated uptake mecha¬ 
nism; non-catecholamines (metaraminol) are incorporated by a non- 
. stimulated mechanism. The uptake mechanisms are known to- be altered 
■ by nicotine and other drugs, and during the normal maturation process 
(Lundborg, 1 966 ; Lundborg and Stitzel, 1967 ; Slotkin and- Kirshner, 
1973a,b; Slotkin and- Edwards, 1973; Slotkin, 1973a; Anderson and 
Slotkin, 1974), and the evaluation of uptake and storage capabilities 
are therefore required in the proposed studies. 

Adrenal glands from' each animal are homogenized in 2.2 ml 
sucrose-Tris and an aliquot is withdrawn for catecholamine analysis. 
After centrifugation at 800 g for 10 min', the supernatant is decanted 
and 0.4 ml is pipetted into each' of four tubes containing 0.1 ml of 
50 mM ATP plus Mjg 2 , 0.1 ml of 1 mM epinephrine and either 1 yCi 14 C- 
epinephrine or 5 yCi 3 H-metaraminol plus 0.1 ml of 1 mM metaraminol. 


1003546507 
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■' • • • '" "" 

The added epinephrine is sufficient to eliminate any differences in 
. extravesicular amine concentrations among the samples. Sucrose-Tris 
v.: : is added to each tube to give a total volume of 1 ml, and one epine- 
;;V phrine- and one metaraminol-containing, sample are brought to 30° for 
5^30 min; the duplicate tubes are kept at 0° for 30 min. Uptake is 
• „|>topped by the addition of 2 ml of ice-cold sucrose-Tris, and the 
■^’samples are centrifuged for 10 min at 26,000 g. The supernatants are . ' 
•^decanted and added to an equal volume of J% perchloric acid, eentri- 
fuged, and analyzed for CA and radioactivity. The vesicular pellet is 
^/.Washed with sucrose-Tris, centrifuged, rewashed, centrifuged, resus- 
.'^Vpended (glass-to-glass homogenization) in 3 ml of 3.5# perchloric acid, 

re centrifuged, and then analyzed for GA and radioactivity. Uptake in ;*r$. 
-.;5^each' sample is calculated as described below: 



Gross uptake _ counts per min in vesicles x CA content per gland 
per gland specific activity of labeling medium x CA content 

• ; of vesicles in sample 


.Gross uptake _ uptake per gland x 100 
per 100 yg CA micrograms of CA per gland 


.•'H'/The uptake at 0° is then subtracted from the uptake at 30° to give 
the temperature-dependent vesicular uptakes. Under these conditions, 
up take occurs solely into storage vesicles (Slotkin and Kirshner, 1971,. 

\#1973b; Slotkin, 1973a). 

Because "uptake” is a complex term (influx minus efflux), and 
since efflux is a measure of the stability of storage, only by the . i--'. 
•:,v: evaluation of efflux can an observed change in uptake be interpreted' 
as altered influx or altered storage. To evaluate efflux,. adrenals ■••y.; 
yfiare homogenized in sucrose-Tris-iproniazid and centrifuged at 800 g. 

:^The vesicle-containing supernatant is labeled and washed twice as - ^ 

^‘.described above and resuspended in fresh sucrose-Tris. Sets of 15, i 
v^i-ml al-iquots of labeled vesicles are brought to 37° to allow efflux '.{-Ffy 
: &*to occur, and efflux is stopped by the addition of 2 ml of ice-cold 
^sucrose-Tris after 0, 2.5, 5, 7.5, 10, 15, 20, 25, 30, 35, 4‘0, 45, . 

.f^50, 55, and 60 min. Samples are centrifuged for 10 min at 26,000 g ’ 
v^rand the supernatant solution is decanted and analyzed for CA and radio- 
• V; activity. The vesicular pellets are resuspended in 3 ml of 3-5% per- 
:^;,chloric acid (to lyse the vesicles), centrifuged 10 min at 26,000 g 

to remove precipitated proteins), and analyzed for CA and radioactivity. 
The effluxes of endogenous CA, 1 < *C-epinephrine and 3 H-metaraminol are 
'calculated as described previously (Slotkin et_ al., 1971). 

These methods enable us to evaluate nicotine-induced changes in 
the development of the uptake and storage of amines in the vesicles. 

It should be noted that the uptake of amines into isolated adrenal 
vesicles is not generally stereospecific (Carlsson et al., 1963). 
Radioactive dl-epinephrine is used rather than 1-norepinephrine because 
epinephrine is the major catecholamine (80—9055) in the rat adrenal 
medulla. 


(c) Buoyant densities of storage vesicles: 1003546508 

Catecholamines and nucleotides represent a significant fraction 
of the dry weight.of the storage vesicles (Smith, 1968). Therefore, 
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.altered buoyant densities (Viveros et al., 1969a, 1971a,bj Slotkin and 
v|^{; Kirshner, 1973a; Slotkin, 1973b; Andterson- and Slotkin, 1974); vesicles 
: ^u^with abnormal densities are commonly found in adult rats after adminis-*J||‘ 
jf^£trafti°n of catecholamine-depleting agents (Slotkin and Kirshner, 1973b;'^^' 
Slotkin and Edwards, 1973; Anderson and Slotkin, 1974) and in matura-' , ^8g| 
;^^-tlon when large numbers of new vesicles appear (Slotkin, 1973b). ‘ Con-jj§Hi 


•^p;are prepared with' a modification (Slotkin and Kirshner, 1971) of the '^flfi|| 
"^J^apparatus of Ay ad et al . (1968). Sucrose (1 M) is pumped into a mixing"'w’® * 



. ^^.epinephrine (control) + [ J H]epinephrine- (drug) 1 . The mixtures (total £'|g& 
;p£yolume, 1 ml/mixture) are then layered onto the gradients and eentri-$i||| 
'^Wffuged at 105,000 x g for 3 hr in a Spinco SW 25 rotor. This is suffi-^|||| 
V^j^cient time to permit equilibrium density to- be reached. The gradient .cSl^p 



f^vis lacking in neonates (Slotkin, 1973b). Since one signal for bio-' 

*.^;vchemical' maturation is the level of neural input to the adrenal ( Patrick^p| 
ptpfand Kirshner, 1972; Slotkin, 1973b), it.is important to establish 
%f?4whether a given drug accelerates or delays the onset of innervation. 

•^■7 This can be tested by administration of 20 IU/kg of insulin s.c. which ...Mf' 

'normally evokes reflex secretion of 3055 of total catecholamines in 1 3 
hr in innervated adrenals; if innervation is absent, no secretion 
occurs (Slotkin, 1973b). This effect is contrasted with the develop- ' J':?-?’* 

■" ment of nicotinic receptors in the adrenal medulla, as determined by 
'the ability to secrete in direct response to cholinergic drugs. These '7 
data will indicate whether nicotine alters the development of splanchnic 
innervation or of post-synaptic receptors. . ■ 


(e) Analysis of catecholamine biosynthetic and degradative £I 
enzymes: g 

The development of the ability of the adrenal medulla to syn- ■ ^ 
thesize catecholamines generally follows the appearance of tyrosine |^- 
hydroxylase and dopamine 0-hydroxylase (Ignarro and Shideman, 1968; d 
Patrick and Kirshner, 1972; Slotkin, 1973b; Slotkin and Anderson, -£5 
1974a). Glands from control or drug-treated adult or developing rats ??.. 
are homogenized in 2.5 ml of 0.15 M KC1 and aliquots withdrawn for . ^ 




C,, 






i 
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- determination of catecholamines, dopamine 8-hydroxylase,. dopa decar¬ 
boxylase and monoamine oxidase. The remainder is spun at 26,000: g 
to sediment catecholamine storage vesicles to avoid interference 
: with the tyrosine hydroxylase assay (26,000 g supernatant). This 
I . method enables the determination of catecholamines and all four 
enzymes from individual rats. 



Assays: 




-.For catecholamines-, 0.1 ml aliquots of all samples are added . : v! ; .£ 

*1.9 ml of 3*5# perchloric acid and centrifuged at 26,000 g x 10 * 

’rV-.min in order to remove precipitated protein. The supernatants are 
; analyzed for catecholamines by the trihydroxy indole method, using an 
■„ s ' autoanalyzer (Merrills, 1963 ). 

V; Radioactive amines are measured by liquid scintillation spec- , 

. trometry . One milliliter of each sample is added to 10 ml of a 1:2 ; - 

mixture of Triton X-100 1 detergent and toluene (containing 2,5-diphenyl- 
• oxazole and p-bis[2-(5-phenyloxazolyl)]benzene). 

V Monoamine oxidase activity is measured by the procedure of . 

Laduron and Belpaire (1968), using [ 3 HQtyramine (10 yM) as substrate. 

■ Dopamine 8-hydroxylase is assayed by the method of Friedman and 
•Kaufman (1965)> using [ 3 H]tyramine (10' yM) as substrate. Tyrosine 
•hydroxylase and dopa decarboxylase activity are measured by the method 
of Waymire et al. (1971)* using [ 1 ‘*C]tyrosine (100 yMi) 1 or C 14 C] dopa 
(33 yM)' as substrate. 
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CATECHOLAMINE STORES IN 
NORMAL AND' HYPERTENSIVE RATS . 

Earlier progress reports from this project detailed the biochemical 
^maturation of the adrenal medulla in normotensive Wistar rats (NWR) as 

well as evaluating adrenal catecholamine synthesis, storage and release • ;■$$ 

. tj/^in adult spontaneously hypertensive rats (SHR), and therefore these 

results will not be discussed here . As described In progress report ■: '•:$$$. 
4\ number 3, the properties of storage vesicles from SHR suggested that 

their responses to autonomic drugs might be different from those of • <vip 
NWR. Studies with reserpine have now been completed and will be pub-‘■gjj ffia k’ 

. lished shortly (see publications list). ■ ■■ 

Reserpine administration resulted in a larger initial decline in 
"adrenal catecholamines in spontaneously hypertensive rats (SHR) than 
"•in normotensive Wistar rats (NWR); the difference was eliminated by 
pretreatment' with chlorisondamine. Reserpine also produced a larger 
■•■‘•• increase in SHR catecholamines and dopamine 3“hydroxylase several days 
r alater; chlorisondamine pretreatment did not prevent the increases, 
although it did slightly slow the increases. Vesicles from SHR or NWR 
incubated with reserpine in vitro demonstrated equivalent inhibition of . 

. .-. ATP-Mg 2 -stimulated epinephrine uptake. Recovery of uptake was more 
■pi'' rapid In SHR than in NWR after reserpine Inhibition, and this was asso-' 
a^Jpiated with a burst of new vesicle synthesis in the SHR; chlorisondamine 
pretreatment reduced the number of new. Immature vesicles in reserpine— 

.v:- 1 *. treated SHR. Both SHR and NWR secreted equal proportions of their 
adrenal catecholamine contents after nicotine administration. These 
; 0 v data suggest that the sympatho-adrenal system of the SHR exhibits ah ^ 
"^enhanced reflex response to reserpine but that reserpine is equally 
4^effective in SHR and NWR in producing blockade of vesicular .catechol- ’;f 
.amine transport; these alterations can affect markedly the actions of 
•^autonomic drugs in the SHR.' 

Similar studies are now underway with nicotine and chlorlsondamime^^.* 
.':,'• (a nicotinic blocking agent). In NWR, nicotine evokes a sympatho— ■’* 

•. . adrenal discharge, resulting in catecholamine depletion, tyrosine ' 

• hydroxylase induction, and formation of immature vesicles. Chlorisond- 
.amine blocks many of the effects of nicotine, but itself evokes some ' '&*}■;) 
'■ -.reflex activity. The effects of nicotine disappears upon chronic admin- ’•« 
istration. We will evaluate in the near future whether the acute and 
chronic effects of nicotine and chlorisondamine are different in the : 

SHR. ! 

The above studies suggest a resemblance between- the SHR and human 
labile hypertension — i.e., periods of low sympathetic activity coupled 
with hyper-responsiveness to reflex stresses. Preliminary results ob¬ 
tained with developing SHR indicate that, prior to 3 weeks of age (pre- 
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) -^^^pertensive phase) basal sympathetic activity is high (resembling •.- 
^gihuman essential hypertension); these studies- will be continued with 
t^f'pther sources of support. . - 

offshoot of this project has been the development of drugs 
-'^pfwith reserpine-like sympatholytic activity. An additional publication JjmSL 
MU'(see list) details further progress made in this area. Two amine up- 
-;;fe.take mechanisms appeared to operate in isolated adrenal medullary sto- MSjk 


%rage vesicles; one site had a high affinity for epinephrine (Km=30' pM) 
;t|^and low capacity (Umax=20 nmols/100 pg of endogenous catecholamines), 
'^IvWhile the other had a low affinity (Km*2 mM) and a higher capacity 
•^>^i, ( (Umax=130 nmols). The low affinity site was non-specific and did not 
-/^'•display competitive inhibition by agents which affected the high affi-//M|g 
-$tnity, stimulated transport system. The high, affinity system was inhi- ' 
*i.vi:bited in a purely competitive fashion by a variety of indoleamines and 
">phenethylamines, but the two classes of compounds displayed different ;|$§| 
-■'structure-activity relationships. Substitution on the a-carbon decreased/; 

. j^-the abilities of indoleamines to inhibit stimulated epinephrine uptake,^ffj 
. ' but enhanced 1 activity of phenethylamines. Ring hydroxylation reduced, 
a/ and methoxylation eliminated, the inhibitory activity of tryptamine, 
y i but the same substituents markedly enhanced the activity of phenethyl-. : 'r$? 
/ amines. Studies of compounds with restricted side-chain conformation 
/ indicated that a condensed structure favored activity in indoleamines 
--• while an extended chain enhanced inhibition by phenethyfamines. Linear .;||f 
... -alkylamines of 5 or 6 carbon iength were also able to inhibit active 
epinephrine uptake. None of the agents inhibited the non-stimulated 
I uptake of component of metaraminol, which uses primarily the low affi- 

nity system. These data suggest that while indoleamines and phenethyl-,.;^ 

' amines do compete with epinephrine for attachment to the high affinity • :?<i| 
.^transport site in the vesicle membrane, the point of interaction is • 
-probably solely at the locus which binds the amine nitrogen; the remainder 
of the two types of molecule probably bind to at least two different 
..sites adjacent to the N-binding area. . ' 

........ • ., 

,y Publications from this project : •'/r-/- '■ ---• • v *-• ' : - is '• 
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